Abstract. Rapid Asian economic development might engender secondary impacts of atmospheric aerosol particles over the western Pacific after conversion of gaseous pollutants such as SO 2 . To elucidate changes in aerosol concentrations in leeward areas undergoing remarkable industrialization, the number-size distributions of submicrometer (0.3-1.0 µm) aerosols were measured at Murododaira (36.6 • N, 137.6 • E, 2450 m a.s.l.) on the western flank of Mount Tateyama in central Japan during January 1999-February 2009. Nighttime data obtained from 2400 to 0500 were used to analyze free-tropospheric aerosol concentration. Monthly average volume concentrations were calculated for months with >50% daily data coverage. Volume concentrations of submicrometer aerosols were high in spring to early summer and low in winter. Significant increasing trends at 95% confidence levels were found for volume concentrations in winter-spring. Simulated monthly anthropogenic aerosol concentrations at Mt. Tateyama from results of regional aerosol modeling with emission inventory up to 2005 showed seasonal variation and winter-spring increasing trends similar to those of observed aerosol concentration. According to the model analyses, the contribution of anthropogenic aerosol concentrations derived from China was high during winter-spring (60-80% of total anthropogenic aerosols at Mt. Tateyama). This accords with the increasing trend Correspondence to: K. Osada (kosada@nagoya-u.jp) observed for winter-spring. Because SO 2− 4 is the dominant component of total anthropogenic aerosols, these results suggest that increasing anthropogenic emissions, especially for SO 2 , in China, engender enhancement of submicrometerdiameter aerosols over Japan during winter-spring.
Introduction
Free tropospheric aerosol particles play an important role in the long-range transport of anthropogenic pollutants and in direct and indirect effects on the radiation balance of the earth. Rapid Asian economic development might affect atmospheric pollution, such as increasing SO 2 and NO x (Streets et al., 2003; Ohara et al., 2007) . These gaseous species might be converted to aerosols during atmospheric transport, engendering secondary impacts on aerosol concentrations in leeward regions such as the Western and Northern Pacific regions. Prospero et al. (2003) reported an increasing trend from 1981 to the mid-1990s for non-sea-salt (nss) SO 2− 4 and NO − 3 in aerosols at Midway Island in the North Pacific. Their analysis ended at year 2000 with large variability and showed an even slightly decreasing tendency in the late 1990s. On the other hand, satellite data have shown a recent increase of an NO 2 column amount over China, which has been compared with results of numerical models (Richter et al., 2005; van der A et al., 2006 He et al., 2007; Uno et al., 2007a) China might increase aerosol nitrate concentration and, consequently, wet and dry deposition flux of total nitrate in and around the Japan Islands (Uno et al., 2007b) . The once flat SO 2 emission trend in China (27.1 and 27.6 Mt in 1995 and 2000, respectively) of the late 1990s has turned upward since 2000 (e.g. 36.6 Mt in 2003 Ohara et al., 2007) . Although some reports (Huebert et al., 2001; Prospero et al., 2003) have described long-term anthropogenic aerosol impacts at far leeward areas of China, aerosol concentrations have not been described for the area since 2000.
In situ measurements at a high-elevation site might provide valuable data to elucidate year-round free tropospheric aerosols, including rainy days (e.g. Nyeki et al., 1998; Huebert et al., 2001; . Our previous report on free tropospheric aerosols over Japan described a clear seasonal variation of submicrometer aerosols -high in summer and low in winter -based on nearly 3 year observation from 1999 .
To elucidate interannual variations of submicrometer aerosols over Japan, this paper presents variations of submicrometer aerosols during 10 years at Murododaira (36.57 • N, 137.60 • E, 2450 m a.s.l.), on the western flank of Mt. Tateyama. We compare aerosol data with regionally simulated anthropogenic aerosols including SO 2− 4 concentrations for Mt. Tateyama. We discuss seasonal variation of contribution for anthropogenic aerosols derived from China and the importance of SO 2 emissions in China for aerosols at Mt. Tateyama to explain the increasing trend for winterspring in aerosol concentrations.
Observation, data treatment, and numerical model
Number-size distributions of atmospheric aerosol particles were measured using a laser particle counter (KC 01C and KC 01D; Rion Co., Ltd.) from 27 January 1999 at the Hotel Tateyama in Murododaira (36.57 • N, 137.60 • E, 2450 m a.s.l.) on the western flank of Mount Tateyama in central Japan (Fig. 1) . The laser particle counter (LPC) there measures the number of aerosol particles for five size ranges: >0.3, 0.5, 1.0, 2.0, and 5.0 µm diameter. It is calibrated every year by the manufacturer using standard polystyrene latex particles. The coincidence correction was made at high concentrations of greater than 10 5 particles per liter. The sample air humidity was mostly less than 40% because the room temperature was always higher than outside temperature. Aerosol concentrations are reported as the values of standard temperature (25 • C) and pressure (1 atm). Losses of aerosol particles resulting from diffusion and gravitational settling before entering the LPC from the outside were estimated as less than 10% for submicrometer (0.3-1.0 µm) particles. During the winter monsoon period (November-April), strong northwesterly winds prevailed with frequent snowfalls with rime ice. A snow-clogging preventer resembling the "Frisbee sampler" described by Heidam et al. (1993) was installed at the tip of the inlet tube.
Upslope valley winds and downslope mountain winds occur on the slopes of Mt. Tateyama. Upslope valley winds are caused by surface heating of the mountain slopes by solar radiation during the day. Downslope mountain winds are caused by radiative cooling of the mountain surface during the night (Whiteman, 2000) . Dense cooler air flows down the mountain slope, flushing the mountain surface with clean air from the free troposphere. To select free tropospheric data at Mt. Tateyama, the hourly data of aerosol number concentrations and O 3 concentrations were analyzed previously . Increased concentration of aerosols during daytime was associated with vertical upward transportation of pollutants from the lowland area near the mountain. Lower concentrations at nighttime from 24:00 to 05:00 LT (local time) were attributed to the subsidence of clean air from the free troposphere aloft . Consequently, nighttime data from 24:00 to 05:00 were used for this study to analyze free-tropospheric conditions. For the submicrometer (0.3-1.0 µm) size range, monthly average volume concentrations were calculated for the month with >50% coverage of daily nighttime data. In all, 90 monthly data were obtained for this period (122 months: January 1999-February 2009).
The three-dimensional regional-scale chemical transport model used for this study was based on the Models-3 Community Multiscale Air Quality (CMAQ) version 4.4 modeling system released by the US Environmental Protection Agency (Byun and Schere, 2006) . This model is driven by meteorological fields generated by the Regional Atmospheric Modeling System (RAMS) version 4.4 (Pielke et al., 1992 ). The horizontal model domain for the CMAQ simulation is 6240×5440 km on a rotated polar stereographic map projection centered at 25 • N, 115 • E, with a grid resolution of 80×80 km. For vertical resolution, we used 14 layers up to 23 km a.s.l. in the sigma-z coordinate system. We adopted the Statewide Air Pollution Research Center (SAPRC)-99 scheme (Carter, 2000) for gas-phase chemistry; this scheme uses 72 chemical species and 214 chemical reactions, including 30 photochemical reactions. For aerosol calculations, we applied the third-generation CMAQ aerosol module (AERO3), which includes the Secondary Organic Aerosols Model (SORGAM) (Schell et al., 2001 ) as a secondary organic aerosol model, ISORROPIA (Nenes et al., 1998) as an inorganic aerosol model, and the piecewise parabolic method (PPM) (Binkowski and Shankar, 1995) as the regional particulate model.
We conducted two sets of numerical experiments. First, we performed simulations to obtain aerosol concentrations at Mt. Tateyama for 1 January 1999-31 December 2008 (control run). Second, we conducted a perturbation run with emissions from China set to zero to estimate the contribution from Chinese anthropogenic emissions to aerosol concentrations at Mt. Tateyama. We defined the Chinese contribution as the difference between the control run and the perturbation run. Both runs used the same meteorological field and initial and boundary conditions for chemical tracers. Meteorological fields for each year were generated using RAMS with initial and boundary conditions defined by the National Centers for Environmental Prediction -National Center for Atmospheric Research (NCEP-NCAR) Reanalysis 1 datasets (http://www.cdc.noaa.gov/cdc/data.ncep. reanalysis.html) (Kalnay et al., 1996; Kistler et al., 2001 ). The reanalysis datasets have spatial resolution of 2.5 • ×2.5 • and temporal resolution of 6 h. The initial fields of chemical compounds were prepared by the initial conditions processor (ICON) of the CMAQ modeling system (Byun and Schere, 2006) . The influence of the initial conditions was eliminated during the 3-month spin-up period. The monthly averaged lateral boundary conditions for most chemical tracers were obtained from a global chemical transport model: Chemical AGCM for Study of Atmospheric Environment and Radiative Forcing (CHASER; Sudo et al., 2002) .
For these simulations, we prepared datasets for anthropogenic emissions of sulfur dioxide (SO 2 ), nitrogen oxides (NO x ), carbon monoxide (CO), non-methane volatile organic compounds (NMVOC), black carbon, organic carbon, and ammonia (NH 3 ) using the Regional Emission Inventory in Asia (REAS, ver. 1.1) . The REAS datasets include most anthropogenic sources such as fuel combustion and industrial processes for . We extended the datasets until 2005 using the same methodology as that used by Ohara et al. (2007) . We included new data related to energy consumption and industrial activities (e.g. International Energy Agency, 2007; United Nations, 2005 . For parameters such as emission factors and removal efficiencies, we adopted those from 2003. The emissions were fixed at 2005 level for the remainder of the period. Seasonal variation is not considered in the REAS database. For volcanic SO 2 emissions, excluding the Miyakejima Volcano, and emissions from biomass burning, we used climatological inventories from Streets et al. (2003) . For the Miyakejima Volcano, which erupted in the summer of 2000, we used the annual mean SO 2 emissions for 2002 from Kazahaya et al. (2003) .
This modeling system has been used for analyzing particulate sulfate and sulfur depositions (Katayama et al., 2008) , particulate nitrogen and nitrogen depositions (Uno et al., 2007b) , and tropospheric ozone (Yamaji et al., 2006 (Yamaji et al., , 2008 over eastern Asia, including Japan. In these studies, the simulated results show good agreement with observations. Figure 3 presents average monthly seasonal variation of submicrometer aerosol volume. The volume concentration of submicrometer aerosols was high, with large variation in late spring to early summer (April-July) and low variation in winter (November-February) as reported previously (Osada r boundary of the box shows the 75th percentile. Whiskers above and below the box t the 90th and 10th percentiles. The mean is also portrayed as a thick line. , 2003) . One might expect from the higher concentration in the warm season is that the site might still be influenced by upslope winds even during the night, disturbing the pristine free tropospheric air masses locally. If this were the main cause of increasing submicrometer volume concentration in the warm season, then the maximum volume concentration would be found in August, not in June, because of local weather. Weather in August at Mt. Tateyama is more suitable than that in June for forming strong and persistent effects of valley winds. According to , the seasonal variation of submicrometer aerosol concentration was attributed to the change in the dominant air mass system around Japan based on backward air trajectories from Mt. Tateyama. In winter (November and February), the dominant air flow was derived from the far west (west of 100 • E) of Japan. In early summer (June), stagnant slow air flow was detected around the coastal area of the Yellow Sea and around the Japanese islands. The Yellow Sea coastal area is a vast source region of anthropogenic SO 2 (Streets et al., 2003; Ohara et al., 2007) . Consequently, meteorological conditions in early summer are suitable for forming submicrometer SO 2− 4 particles through conversion of anthropogenic SO 2 during slow transport from the coastal area of the Yellow Sea and around Japan (Uno et al., 1998; . The seasonal variation and its variation of aerosol source areas will be discussed later in greater detail.
Results and discussion

Temporal variations of submicrometer aerosols
As described previously, the winter minimum is apparently increasing slightly. Spikes hamper identification of temporal variations. Therefore, data for the same month in different years were examined. Figure 4 portrays interannual variations of monthly submicrometer aerosols. Results of least-squares fitting between monthly submicrometer volume data and yearly data are also given in Table 1 . The aerosol concentrations are approximately log-normally distributed. Therefore, the fit was performed on the logarithms of the data. Only data for December showed a significant trend at a 95% confidence level. On the other hand, progress of seasons at a particular location might vary from year to year. Therefore, we further investigated interannual trends in two-month combinations such as December and January, and November and December. Increasing trends of submicrometer aerosols at a 95% confidence level were found for the combinations of December-January, March-April, and November-December. For the trend on January-February, the correlation coefficient (r) was low (0.51) with a significance level of 5.1% using all data. However, the r was increased to 0.65 with a significance level of 1.2% for data excluding February 2004. The reason for the extremely high concentration at February 2004 is not known. Figure 4 shows that no clear trend was apparent in other combinations of months. Because aerosol volume data might not conform to a normal distribution and because our data include gaps in time series, we also used the Mann-Kendall test, a nonparametric method, to detect trends (Gilbert, 1987; Collaud Coen et al., 2007) . Results of the test are given in Table 2 . Using singlemonth data, no case of significance was found at a 90% confidence level. However, combinations of January-February and March-April respectively showed upward trends at 90% and 95% confidence levels.
Factors related to the increasing trend in winter to spring observed at Mt. Tateyama can be classified into two: those causes related to the increase and those related to seasonality. Both are examined in the next section.
Factors relating to increasing trend and seasonal preference in winter-spring
Aerosol concentrations might be decreased by precipitation scavenging near the site. Our observations were made at a high-elevation site: in-cloud nucleation scavenging might reduce submicrometer aerosol concentration near the site. Figure 5 shows an example of precipitation damping for aerosol concentration during summer, showing a phase relation of low volume concentration under precipitation conditions. Although rain data at Murododaira were available for summer, no year-round record of precipitation at the site exists. On the other hand, the boundary layer height during daytime might influence nighttime aerosol data as expected in summer months. Conditions of ground heating near the site related to the boundary layer height might change with the shifting occurrence of precipitation type from snow to rain around the mountain. Although air temperature at Murododaira during winter is well below zero, the type of precipitation at the foot of the mountain depends on the air temperature there: increasing winter temperatures might reduce snow accumulation, enhance areas of bare ground and consequently increase surface heating, thereby engendering an increase of the boundary layer height in winter. For that reason, data (http://www.jma.go.jp/jma/indexe.html, last access: 2 December 2009) at a meteorological station (Kamiichi, 296 m a.s.l., about 25 km northwest of Murododaira) near the site were used to elucidate the interannual trends of precipitation amounts and air temperature. Figure 6 shows monthly precipitation and air temperature at Kamiichi for November, December, January, February, March, and April, which are months showing upward trends for aerosol volume concentrations, as presented in Table 1 . Neither variable shows a significant trend, suggesting that the extent of local precipitation scavenging and ground heating during winterspring did not change during this period.
Increasing anthropogenic emissions such as SO 2 in eastern Asia, especially in China, might engender the increase of anthropogenic aerosols such as SO 2− 4 aerosols over Japan, which is located leeward of China. ). An increasing trend is evident in yearly SO 2 emissions in China, at least before 2005. The yearly rate of increasing SO 2 emission was low in the early period (-2002) but it increased after 2002. Rapid industrial development in China has necessitated consumption of fossil fuels including sulfur-containing materials on an enormous scale. However, increasing rates of SO 2 emission in China will be reduced through application of recent pollution control technology and phasing out of small thermal power plants. Consequently, SO 2 emissions in China are difficult to estimate for recent years. However, at least it can be said that the yearly rate of increase in SO 2 emissions has remained positive during 1999-2005. Estimated aerosol concentrations for CNTL total and China total showed clear seasonal variations: high in summer and low in winter. Seasonal variation was not given in emission data. Therefore, these seasonal variations of aerosol concentration are attributed to changes in transport and aerosol formations relating to meteorological situations that vary seasonally in eastern Asia. Both simulated seasonal variations agree very well with those of submicrometer aerosols at Mt. Tateyama, suggesting that a major factor controlling seasonal variation in aerosol concentration at Mt. Tateyama is the contribution of aerosols from China. The contribution of aerosols from China at Mt. Tateyama was always high (60-80%) in winter-spring and low (20-80%) -with large variation -in other seasons. The higher Chinese contribution to CNTL total aerosols might engender a more direct link of emission trends (such as SO 2 ) in China to the secondary production of anthropogenic aerosols (such as SO 2− 4 aerosols) in the atmosphere. This agrees well with observed seasonality of the increasing trend of submicrometer aerosols during winter-spring. In fact, a slightly increasing trend in the winter minimum was also well simulated in the model results.
Although SO 2 emissions from Miyakejima Volcano were included after 2000, its effect on SO 2− 4 and total aerosol concentrations was not discernable in Fig. 7 . This apparent lack of effect might be attributed to the low impact of SO 2 from Miyakejima Volcano on total SO 2 inventory because SO 2 emissions from Miyakejima Volcano were estimated about 1/7 of Chinese emissions for 2002 (Katayama et al., 2008) . The largest spikes (May-June 2003) detected in Fig. 2 are not reproduced in Fig. 7 . Large variations in seasonal and year-to-year emissions from open burning are recognized as well as temporal variations in emissions from boreal forest fires (Streets et al., 2003; van der Werf et al., 2006) . Our modeling system does not incorporate these temporal variations. Therefore, simulated EC and OC concentrations might not reproduce such temporal variations. Another direction of this study will be to include various temporal variations in greater detail.
On the other hand, simulated peak concentrations during the warm season after 2005 are slightly higher than those before 2005, showing a gradual increase since 2003. This increase might be attributed to the increase of SO 2 emissions in China. However, such differences in maximum values during the warm season were not noted in observations (Fig. 2) . As discussed later, source areas of aerosols during the warm season are highly variable. Considering the complex topography in Japan and various contributions of source areas, possible reasons for this discrepancy might include the coarser spatial resolution (80 km×80 km) of our modeling system. Similarly, changes in regional atmospheric stability and vertical motions related to changes in land use and light absorbing aerosol concentrations in China (Menon et al., 2002) might not be fully reproduced.
Among various components considered in the model, concentrations of SO 2− 4 aerosols of the CNTL run comprise 59% of the CNTL total aerosol amount, on average, at Mt. Tateyama. Figure 7 shows that seasonal variation of NH (Katsuno et al., 1996) . Consequently, SO 2− 4 +NH + 4 aerosols at mountain sites constitute the major portion of total aerosol concentrations. Combined with the discussion presented above, increasing SO 2 emissions in China might engender the increase of SO 2− 4 aerosols and total aerosol concentrations at Mt. Tateyama.
Observed submicrometer volume concentrations at Mt. Tateyama were compared with aerosol concentrations simulated as CNTL total (upper panel) and SO 2− 4 (lower panel) from China, as portrayed in Fig. 8 . Regression analysis for the upper panel indicated a significant correlation at the 99% confidence level. Average concentrations of submicrometer aerosol volume and CNTL total are, respectively, 1.8 µm 3 ·cm −3 and 7.3 µg·m −3 . Assuming that all aerosols consist only of ammonium sulfate (density =1.8 g cm −3 ), the observed volume concentration corresponds to 3.2 µg·m −3 . The OPC data used for this study cover the limited size range of 0.3-1.0 µm. Therefore, the simulated aerosol concentration agreed well within a factor of 2. concentrations from China and submicrometer volume concentrations at Mt. Tateyama. All relations in the lower panel were significant at the 95% confidence level. Statistical information for single and double month combinations is given in Table 3 . No significant relation was found for other months. Months presented in Table 3 belong winter to spring, suggesting that the direct effect of SO 2− 4 aerosols from China is dominant during winter to spring rather than in summer. Slopes between volume concentrations and simulated Chinese SO 2− 4 concentrations in the lower panel of Fig. 8 differed among seasons. The SO 2 emissions were fixed at a constant level during the year for our model system. Therefore, changing slopes in Fig. 8b suggest that SO 2 emission and contributions from other aerosol species might differ seasonally.
On the other hand, although the concentration of SO 2− 4 from China is higher during the warm season (Fig. 7) , its contribution to the CNTL total is not constant. To explain Fig. 9 . The starting height of the trajectories was set at 2500 m above sea level. Trajectories were calculated using HYSPLIT (Draxler and Rolph, 2003) . Figure 9 depicts that major source areas and the transport distance during five days vary with the season. In December, most trajectories were transported from the west of 100 • E or the north of 60 • N, suggesting the constant influence of northwesterly winds on aerosol transport. On the other hand, the coastal areas of eastern China, and Korea and Japan became the dominant source regions in June, with some trajectories other than this area. These results that, not only Chinese sources, but multiple source areas contribute to aerosols at Mt. Tateyama in June. In addition, the source of aerosols changes from year to year. For example, four trajectories were derived from the west of 100 progressive shutting down of small power plants. That recent SO 2 reduction in China accords with our observation, but a more extensive record is needed for future studies to confirm this trend.
Summary and conclusions
Submicrometer (0.3-1.0 µm) aerosol data obtained at Mt. Tateyama for the recent decade showed clear seasonal and interannual variations. Monthly average volume concentrations of submicrometer aerosols were high in spring to early summer and low in winter. Significant increasing trends at a 95% confidence level were found for volume concentrations during winter-spring. No trend was found in local precipitation or air temperature. Simulated aerosol concentrations at Mt. Tateyama, as calculated from results of regional aerosol modeling using an emissions inventory up to 2005 showed similar seasonal variation and winterspring increasing trends to those of observed aerosol concentration. A higher contribution of Chinese-derived anthropogenic aerosol concentration was estimated for winterspring using the model analysis. Because SO 2− 4 is the dominant component of total anthropogenic aerosols, these results suggest that increasing anthropogenic emissions, especially those of SO 2 in China, engender enhancement of submicrometer aerosols over Japan, especially during winterspring.
